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1.  Introduction 

As  already  mentioned  in  the  first  part  of  the  studies  on 
oscillating  hydrofoils  (  see:  Part  I,  December  I960  )  the 
hydrodynamic  forces  acting  on  a  hydrofoil  running  in  a 
seaway  can  be  split  up  into  a  steady  component  and  into 
two  nonsteady  components. 


The  results  of  the  theoretical  and  experimental  investigations 
of  the  steady  state  of  flow  were  reported  in  Part  I;  also 
those  of  experimental  studies  with  two  hydrofoil  models,  which 
could  move  in  the  vertical  direction  without  any  restrictions, 
running  in  head  seas.  This  unsteady  state  of  flow,  which 
represents  a  hydrodynamically  forced  oscillation  of  the  foils 
in  the  vertical  direction,  was  formerly  called  "Unsteady  case 


No.  3". 

Hjhe  report  contains  the  results  of  the  experimental 

investigations  of  the  abovo  mon»iene4  unsteady  components  of 
the  hydrodynamic  forces,  i.e.  the  hydrodynamic  exciting  forces 
CTinirnB~ and  the  hydrodynamic  masses  and  damping  forces 
The  tests  were  carried  out  with  the- game-  foil 


namely  a  plane  foil  with  an 


model^<4kaOTdh 

aspect  ratio  A  =  5  and  a  chord  length  c  =  0.1  m  and  a  dihedral 
foil  with  the  dihedral  angle  30  deg.  and  a  chord  length 
c  =  0.1  m. 

2.  Measuring  arrangements  and  measuring  procedure 
2j^_K_Hydrodynamic_exciting_forces 


The  measurements  of  the  hydrodynamic  exciting  forces  generated 
by  the  orbital  motions  were  taken  in  the  deep  water  tank  of 
VWS  (  cross  section  ;  8.00  x  4.15  m  ).  The  hydrofoil  models 
were  fixed  to  the  big  six-component  balance  of  VWS,  working 
with  inductive  beam  pickups.  The  six-component  balance  was 
installed  on  the  carriage  of  the  deep  water  tank.  The  sketch 
fig.  1  and  the  photograph  fig.  3  show  the  dihedral  foil  model 
fixed  to  the  balance.  An  ohmic  device  arranged  sidewards  of 
the  foil  models  at  a  distance  of  about  two  meters  was  used  as 
a  wave  recorder.  Its  sensing  element  was  in  line  with  the 
leading  edge  of  the  respective  foil  model.  The  signals  of  the 
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force  pickups  and  of  the  wave  recorder  were  registered  by  a 
recording  oscillograph. 

In  the  present  research  program  hydrofoils  in  vertical 
oscillations  should  be  tested.  Therefore  it  was  sufficient 
to  measure  only  the  lift.  The  electrical  supply  system  of 
the  inductive  pickups  did  not  allow  the  use  of  electrical 
filters  to  eliminate  the  "white  noise"  of  the  towing  carriage 
and  the  measuring  arrangement.  Therefore  the  records  were 
mechanically  analysed  afterwards.  Only  the  first  component 
of  the  unsteady  lift  was  considered. 

The  flat  foil  was  tested  in  four  and  the  dihedral  foil  in 

three  mean  depths  of  submergence.  The  tests  were  made  at  a 

speed  of  about  6  m/s  and  in  head  seas.  The  geometrical  angle 

of  incidence  for  the  chord  of  the  profile  amounted  to 

cK  =  1.8  (  1.6  ;  2.3  )  deg.  for  the  flat  foil  and  to 

geom  ^  o 

^  ^  cos^=  1.9  deg.  for  the  dihedral  foil, 

geom  geom  ° 

where  is  the  geometrical  angle  of  incidence  measured 

in  the  vertical  plane.  The  wave  lengths  were  varied  between 
A*  1.5  m  and  A  =  6.8  m  and  the  corresponding  wave  heights 
between  2a  =  0.046  m  and  2a  *  0.136  m  (  a  =  wave  amplitude). 
The  test  data  are  registered  in  tables  No.  1  -  7. 

2.  2  Hydrodynamic  masses_and_hydrodynamic  damping  forces 

These  measurements  were  taken  in  the  free-surface  water 

tunnel  of  VWS,  The  water  depth  in  the  measuring  section 

(  adjustable  bottom  )  had  been  adjusted  to  0.7  m.  Thus 
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a  cross  section  of  the  flow  of  about  1.3  m  resulted.  The 
measuring  apparatus  is  shown  in  figs.  2  and  4.  The  motion 
of  the  vertical  supporting  tube  was  exactly  sinusoidal. 

Only  the  lift  was  measured.  The  force  pickup  consisted  of 
a  steel  bar  fitted  with  strain-gauges.  For  the  measurement 
of  the  phase  angle  between  the  vertical  oscillations  and 
the  resulting  unsteady  lift  an  inductive  accelerometer  was 
fixed  to  the  foil  models.  The  signals  of  the  strain-gauges 
and  of  the  accelerometer  were  registered  by  a  recording 
oscillograph.  To  eliminate  the  "white  noise"  of  the  tunnel 
and  of  the  measuring  arrangement  electrical  filters  were 
used. 


The  measurements  were  taken  at  four  depth  of  submergence  for 

either  foil  and  at  a  speed  in  the  test  section  of  about  5  m/s. 

The  geometrical  angles  of  incidence  amounted  to  ^  =1.8 

geom 

deg.  for  the  flat  foil  and  to  ~  ‘'•9  deg.  for  the 

dihedral  foil.  The  frequencies  of  the  vertical  oscillations 
were  chosen  in  such  a  way  that  the  same  range  of  the  reduced 
frequencies  ju.  was  covered  as  for  the  measurements  of  the 
forces.  The  test  data  are  registered  in  the  tables  No.  8-15. 

2_._3_;,_Porced_vertical_oscillation8 

The  measurements  of  the  hydrodynamically  forced  vertical 
oscillations  of  the  hydrofoil  models  due  to  the  orbital- 
motions  have  already  been  desribed  in  the  first  report 
(  Part  I  )  of  the  present  research  program.  In  addition,  the 
teat  data  are  listed  in  the  tables  No.  16  and  17  of  the 
present  report. 


i .  Results 


3_i_l_;__Hydrodynamic_exciting_force8 


The  results  of  the  tests  are  plotted  in  nondimensional  form 

against  the  reduced  frequency /i=  ^  °  =  frequency  of 

2  Uo 

encounter),  in  fig.  5-7  for  the  flat  foil  and  in  fig.  8  - 
10  for  the  dihedral  foil. 

Pig.  5  shows  the  coefficient  of  the  mean  lift  for  the  flat  foil 


Kzq  »  ^Zo  ^  .  (1) 

^Zo 

Within  the  range  of  the  nondimensional  depth  of  submergence 

E  »  -  »  1.2  -  2.7  the  influence  of  the  free  surface  is  but 
c 

small.  The  average  of  the  measured  values  is  somewhat  below 
unity.  That  means  a  loss  of  mean  lift  occurs  at  the  foil, 
when  running  in  head  seas.  This  loss  of  mean  lift  is  caused 
by  higher  order  effects  in  consequence  of  the  nonsteady  state 
of  flow  in  addition  to  the  steady  state  component,  and  of 
the  horizontal  component  of  the  orbital  motions.  The  influence 
of  the  magnitude  of  the  wave  amplitude  on  the  mean  lift, 
which  is  also  a  higher  order  effect,  is  not  eliminated. 


Pig.  6  shows  the  coefficient  of  the  first  order  unsteady  lift 
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K 


v>  u^bc2lcX^(E) 


(2) 


(nomenclature  see  section  6). 


In  this  expression  is 


s^y(h)| 


u. 


=— fi- 


^W^o 


exp  ( - h) 

Uiir 


(3) 


W 


the  hydrodynamic  angle  of  incidence  resulting  from  the  speed 
of  advance  and  the  amplitude  of  the  orbital  velocity. 


For  1.2<H<2.8  the  influence  of  the  free  surface  on  the 
lift  amplitudes  at  low  reduced  frequencies  is  relatively  small. 
With  increasing  reduced  frequencies  the  free-surface  effect 
increases  too.  As  a  comparison  the  theoretical  curve  valid 
for  a  hydrofoil  of  infinite  aspect  ratio  infinitely  deep 
submerged  in  a  periodic  unsteady  velocity  field  containing 
only  vertical  additional  flow  components  (  [6j  )  is  plotted 
in  fig.  6.  The  curve  is  corrected  by  the  steady  state  theory 
of  Weinig  (  [4] ,  see  Part  I  )  for  the  aspect  ratio 
A  =  5.  Just  as  the  tests  described  in  [6]  the  measured 
values  for  the  great  depth  and  for  increased  reduced  frequen¬ 
cies  are  higher  even  than  the  theoretical  values  for  large 
aspect  ratio.  This  could  be  the  influenoe  of  the  periodically 
alternating  tip  vortices,  which  produce  higher  local  loads 
towards  the  foil  tips.  The  influence  of  the  geometrical  angle 
of  incidence  seems  to  be  small. 


In  fig.  7  the  phase  differences  between  the  wave  peaks  when 
beeing  above  the  centre  of  the  chord  and  the  respective 
maxima  of  the  unsteady  lift  are  shown. 

Pig.  8  shows  the  coefficient  of  the  mean  lift  (  according  to 
equ.  (1)  )  for  the  dihedral  foil.  Partly  the  measured  values 
are  considerably  below  unity.  That  means  a  loss  of  mean  lift 
which  increases  with  decreasing  depth  of  immersion  Eg  reap, 
with  decreasing  effective  aspect  ratio. 


The  coefficient  of  the  first  order  unsteady  lift  for  the 
dihedral  foil  ie  shown  in  fig.  9.  It  is  defined  by 


^  fzi  <^)| _ 

^UqDc2^  coS'^oc^(0.7  hg) 


(4) 


with 


o(^(0.7  hg)  =  — ^  a  exp  (  -0.7  hg)  . 


(5) 


Pig.  10  shows  the  phase  differences  between  the  wave  peaks 
when  beeing  above  the  centre  of  the  chord  and  the  respective 
maxima  of  the  unsteady  lift.  Owing  to  the  influences  of  the 
free  surface  and  of  the  reduction  in  effective  aspect  ratio 
with  decreasing  depth  of  immersion,  the  phase  angle  varies 
considerably  with  the  depth  h2. 

The  results  of  these  tests  are  plotted  in  nondimensional  form 
against  the  reduced  frequency  in  fig.  11  and  12  for  the  flat 
foil  and  in  fig.  13  and  14  for  the  dihedral  foil. 

Pig.  12  shows  the  nondimensional  unsteady  lift-amplitudes 
for  the  flat  foil 


“z  = 


l^’z  <")| 

?utb27r 

’  O  0 


(6) 


with  z  a  amplitude  of  vertical  oscillation. 

•  o 

The  influence  of  the  free  surface  nearly  corresponds  with 
that  of  the  steady  state  of  flow  reported  in  Part  I.  Por 
greater  depths  of  submergence  the  measured  lift-amplitudes 
are  partly  higher  than  those  calculated  by  means  of  the 
steady  state  correction  for  the  finite  aspect  ratio.  Therefore 
within  certain  ranges  of  the  reduced  frequency  the  unsteady 
diminution  of  the  lift  amplitudes  due  to  the  finite  aspect 
ratio  seems  to  be  smaller  than  the  steady  state  diminution. 


The  phase  difference  between  the  vertical  oscillation  and  the 
respective  maximum  of  the  unsteady  lift  is  shown  in  fig.  12 
Por  the  depths  of  submergence  h  »  1.0  -  1.9  the  phase 
differences  measured  are  smaller  than  those  calculated  ror 
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infinite  aspect  ratio.  At  the  depth  h  *  0.5  and  at  small  reduced 
frequencies  the  measured  phase  difference  is  bigger  than  the 
calculated  phase  difference.  That  means  a  magnification  of  the 
phase  angle  with  decreasing  depth  of  submergence  for  small 
reduced  frequencies. 

Fig.  13  shows  the  nondimensional  lift  amplitudes  for  the 
dihedral  foil 


Owing  to  the  decreasing  effective  aspect  ra*tio  with  decreasing 
depth  of  immersion,  the  influence  of  the  immersion  on*the  lift 
is  big.  * 

•  • 

The  phase  angle  between  the  vertical  oscillation  and  the 
respective  maximiim  of  the  unsteady  lift  experiences  a  large 
redyction  at  small  depths  of  immersion.  This  can  be  seen  in 
fig.  14.  Since  there  is  an  increase  of  the  phase  angle  due  to 
the  surface  influence,  the  reduction  is  a  consequence  of  the 
low  effective  aspect  ratio. 


The  hydrodynamic  masses  and  hydrodynamic  damping  forces  acting 
on  the  oscillating  foils  can  be  derived  from  the  results 
presented  in  fig.  11  -  14.  In  the  nondimensional  form 

2 

the  real  part,  divided  by  v  ,  is  proportional 
to  the  hydrodyneunic  mass  and  the  negative  imaginary  part, 
divided  byv  >  proportional  to  the  hydrodynamic  damping  force. 


“h ' 


(hydrodynamic  mass) 


?„(/-«  )|*  sin'^j 


(hydrodynamic  damping 
force) . 


The  hydrodynamic  masses  and  the  hydrodynamic  damping  forces 
are  plotted  against  the  reduced  frequency  in  fig.  15  and  16 
for  the  flat  foil  in  the  following  form 


(9) 


Because  of  the  low  reduced  frequencies  the  magnitude  of  the 
hydrodynamic  masses  is  small  (fig.  15  and  17).  The  influence 
of  the  free  surface  is  considerable.  The  opposite  tendencies 
®  of  the  magnitudes  of  the  hydrodynamic  masses  at  low  depths 
h  and  h2  show  the  big  influence  of  the  effective  aspect  ratio. 
With  the  exception  of  the  small  depth  of  immersion  for  the 
dihedral  foil  the  hydrodynamic  masses  become  negative  with 
decreasing  reduced  frequencies.  That  means  a  virtual  diminution 
of  the  masses  of  the  foils  within  this  range  of  reduced 
frequencies.  , 

The  hydrodynamic  damping  forces  of  the  foils  are  shown  in 
fig.  16  and  18.  Near/^ =  0.14  the  influence  of  the  free  usrface 
has  a  maximum  which  decreases  with  decreasing  depths  of  sub¬ 
mergence  (fig.  16).  The  hydrodynamic  damping  force  for  the 
dihedral  foil  decreases  with  decreasing  depth  of  immersion. 
There  is  no  noteworthy  dependence  on  the  reduced  frequency. 


Hydrodynamlcall-Y  forced  oscillation 


With  the  results  of  section  3  and  the  results  of  the  steady 
state  measurements  referred  to  in  Part  I,  the  equation  of 
motion  for  a  hydrofoil  running  near  the  free  surface  in  a 
seaway,  when  linearity  will  b  assumed  and  only  first  oder 
harmonics  will  be  taken  into  account,  can  be  written  in  the 
form 
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(  m  +  nij^)  gp(t)  +  Zp(t)  +  -  Zp(t) 


dh 

|p 


exp  (  iv  t  +  i'»5^2l 


Z1 

^  ^Z6  ®  ^ 


With 


Zp(t)  =  |zp  I  exp  (  i  V  t  +  i  f  ) 
follows  from  (10) 


t  =^Z1  ■ 


-1/  V 


dP7^(h)  2 

- V^C  m^  m^  ) 


(11) 


(12) 


dh 


and 


Thus 


Zp(t) 


(15) 


(14) 


+  i V  t) 


The  steady  state  mean  lift  has  the  magnitude  ^ 

ho  Kp  Kj  K^o 

with  ,  K^,  Kp,  and  Kj^  defined  in  Part*  I  • 

and  a  IL  =oc„„„,„  +  2  m. 

«.  ^geora  • 

The  "hydrodynamic  spring  constants"  in  equ.  (12)  -  (14) 
are  then  expressed  by 

^Zo(^)  _  _ 

dh  c  dli 


(15) 


1  ‘^^Zo^^^ 


(16) 


ou^b2:rol^  K.  Kp  ~  (  K„„  %  ) 

Vo  ^  dh  ^  for  the  flat  foil 
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and 


dh 


dn  m 


(16a) 


respectively  for  the  dihedral  foil. 


In  eq.u.  (16),  (16a)  are 


^  )  =  K, 


dh 


Zo  dh 


and 


+  Kr 


^  (>=  ■‘a  ^Zo%  >  =  bK„K.^X  .  K 


dK 

dh 


Zo 


(17) 


dK. 


dh 


m 


^0  A 


dK 


•  +  bK.Kr; - 

^  \  dh 


Zo 


dh 


db 

+  K„  K.Kr-  — 
Zo  A  h„  .r- 
m  dh 


'Zo'^B, 


m  dh 


(17a) 


with 


•• 


dh 

dA 

It 

c 

dh  ^ 

sin"'^ 

tgn^ 


(18), 


5 .  Examples  •  ^ 

Now  the  forced  oscillations  of  the  two  hydrofoil  models 
running  at  a  speed  ^  6.0  m/s^in  head  seas  as  described 
in  section  2.3  (tables  16,  17)  will  be  calculated  by  means  • 

of  the  linear  theooy  and  for  a  first  harmonic  excitation. 

•  • 

For  the  flat  foil  (*P  =  11.8  kp  )  the  mean  depth  of  sub¬ 
mergence  h  a  0.50  and  for* the  dihedral  *f oil  (  P  »  15.0  kp  ) 
the  mean  depth  of  immersion  Eg  *  1.57,  according  to  an  effective 
mean  aspect  ra^io  A  a  5.5,  will  be  considered.  The  factors  *  • 
Kj^,  Kj^,  Kg^,  dKj^/dA,  dKg/dh  and  dKg  /dE  will  be  taken  from 

Part  I  (  steady  state  )  and  the  factors  K^^,  dK^^/dh  from 
fig.  5  and  8,  whereby  for  h  *  0.50  the  values  of  K^^  and 
dK^o/*^^  in  fig.  5  must  be  extrapolated. 

The  expressions  (17)  and  (17a)  th°en  result  to 


zo 


0.74 


-  11  - 


( 

dh 

^  ( 

dh 


^Zo^h  ) 


^Vzo\ 


)  =  0.12 


m 


(for  the  first  approximation  the  factor 
K  can  be  taken  as  independent  from/<. 
when yu  is  small). 


With  the  profile  efficiency  assumed  to  be 


Kp  = 


0.97 


the  "hydrodynamic  spring  constarfts"  according  to  eq,u.  (16)  and 
(d6a)  in  this  special  case  result  to 


and 


dh 

dP 


=  178  kp/m  (  flat  fo^l 


dh 


-  ~=  58  kp/m 


(  dihedral  foil  ). 


The  heave  amplitudes  according  to  equ.  (13)  and  the  phase  angles 

•  between  the  wave-peaks  and  the  respective  maxima  of  heave  are 

shown  in  fig.  19  and  20.  In*the  same  figures  the  measured  heave 
amplitudes  and  pjias^  angles  (  see  Part  I  )  are  presented *f or 
comparison.  * 

There  are  big  differences  between  the  measured  and  calculated 
amplitudes  of  heave  (  fig.  14).  The  differenges  increase  with 

•  decreasing  reduced  frequencies,  i.e.  with  increasing  wave  . 
lengths.  Here  addi^tion^l  ef:^cts,  for^  example  the  nonlinearity 
of  the  "hydrodyneunic  spring  constants" ,  th%  effect  of  varyitig 
depth  of  water  abov^  the  foils,  the  interaction  of  the  exeiting 

^forces,  i.e.  the  influence  of  the  Orbital  motions  on,the 
hydrodynainlc  forces  on  the  oscillating  foif  specially  on  the 
hydrodyriluoic  damping  fgrces,  the  influence  of  higher  oder 
harmonics  of  the  exciting  forces  etc. seem  to  be  not^neglegible. 

The  measured  phase  angles  are  about  30  degrees  more  negative  , 
than  the^calculated  onel  (fig.  20).  This  difference  is  only 
*8lightly  dependent  onethe  reduced  frequency  and  has  nearly  the 
same  magnitude  for  both  foils. 

Therefore  a  calculation  of  the  forced  vertical  motions  of  the 
hydrofoils  by  means  of  the  linear  differential  equation  taking 
'into  account  only  the  first  harmonic  excitation  as  done  in  the 
present  report  yields  no  satisfactory  results.  Further 
investigations  specially  with  respect  to  nonlinearities  and 
additional  effects  seem  to  be  of  great  importance. 
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6.  Nomenclature 


..f 


Pit,.  2 
A=  £2ii\v 


g  • 


^geom.  ’ 


•|4l 

•  hwl 


V.  ^2 

/U=  VC 
t  0 


chord  length 

wetted  semi-span  of  the 
hydrofoil 

wetted  aspect  ratio 


)  for  the  dihedral 
)  foil  with  respect 
)  to  the  undisturbed 
)  water  surface 


nondimensional  depth  of  the  foil,  defined 
as  the  distance  between  the  undisturbed 
water  surface  and  the  centre  of  the  meanline 

likewise  for  the  dihedral  foil,  defined  in 
the  plane  of  symmetry  ^ 

♦  • 

camber 

running  speed 

speed  of  wave  propagation  * 

waje  length  for  infinite edepths 
wave  amplitude 

dihedral  angle  •  • 

geometrical  angle  of  incidence^  • 
density  of  fluid 

weight  of  hydrofoil  model  including  fixed 
part  of  mea^ring  system  •(  heave  measurements  ) 

amplitude  of  hlkve  of  the  hjTdrofoil  • 

amplitude  of  orbital  motion 

*aspect  ratio-factor,  steady  sta%e  ) 

surface  influence  -  factor  I  see  Part  I 

angle  of  incidence-factor  ) 

frequency  of  encounter 

reduced  frequency 

time  • 
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